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I. INTRODUCTION

Bolt Beranek and Newman Inc (BBN) is under contract to NASA
Langley Research Center (NAS1-16138) to carry out the first phase
of a program to demonstrate to the US manufacturers of propeller-
driven light aircraft, methods for designing treatments for
effective reduction of interior noise of their aircraft. The
program consists of several phases, leading to a technology
transfer from the program directly into the hands of the US
manufacturers,

The motivations for this study were several: (1) the
recognition that a satisfactory acoustic environment for crews
and passengers is desirable from the point of view of comfort and
safety, and necessary for reliable voice communications on board
and through radio links; (2) evidence that many general aviation
propeller aircraft types have cabin acoustic environments which
are unsatisfactory to a large percentage of the prospective user
population; (3) weight constraints on light aircraft which
present a substantial challenge in applying noise control
treatment without excessive penalties; (4) the belief that
considerable technology is available for the modeling, diagnosis,
and control of sound transmission into aircraft; and (5) rec-
ognition that it was important and timely to evaluate such avail-
able technology in an operational context on representative light
aircraft, '

The technical efforts began with a survey of all propeller-
driven general aviation aircraft of US manufacture to determine
their relative performance ranges, their impact on the total
fleet (both present and future), and their internal noise
characteristics., From these aircraft, 18 were selected for
flight surveys. The purpose of the flight surveys was to measure
internal noise levels and identify principal noise sources and
paths under a carefully-controlled and standardized set of flight
procedures. Once the survey had been completed and the results
analyzed, one aircraft model was chosen for more detailed appli-
cation of advanced noise source and path diagnosis. This air-
craft was subjected to a second round of flight tests in which
more detailed measurements of sources and paths were made and
additional diagnostic ground tests were performed.

The results of the flight survey phase of the work confirmed
that the present-day designs of both single-and twin-engine
aircraft produce cabin noise levels which, when compared with
results of careful psychoacoustic tests, would be considered
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highly annoying to a large percentage of the population. The
flight surveys also produced consistent evidence of propeller
noise as a primary contributor to cabin noise in all types of
aircraft, as well as revealing some evidence of engine and
airflow noise being of considerable importance in most air-
craft. The flight surveys are described in Sec. 2 and App. A
of this report.

The diagnosis of one single-engine aircraft illustrated that
to successfully separate the contributions of all sources and
paths, extensive ground and flight measurements are required, and
that further component-by-component testing is desirable in order
to isolate the contributions of various paths by which the energy
from a given source reaches the cabin. However, within the
context of the tests and analyses carried out, a source-path
model was constructed which, in composite form, produced pre-
dicted noise levels which agreed quite well with measurements.,
The diagnostic efforts are described in Sec, 3 and App. A of this
report,

Many individuals and organizations contributed to this work,
which involved substantial interaction and coordination. The
authors wish to acknowledge the support and encouragement
provided by the Noise Effects Branch (now known as Structural
Acoustics Branch) of NASA Langley's Aircraft Noise Reduction
Division, and especially that provided by Dr. John Mixson. We
wish to acknowledge the participation of Beech Aircraft Corp.,
the Pawnee and Wallace Divisions of Cessna Aircraft Co., and
Wiggins Airways of Norwood, Ma. Finally, the support of our
colleagues Drs. John Wilby, Istvan Vér, Eric Ungar and George
Succi is gratefully acknowledged, as is the considerable effort
by Ms. Susan Laverty in preparing this manuscript.



2. SURVEY OF IN-FLIGHT NOISE LEVELS OF REPRESENTATIVE LIGHT
AIRCRAFT

2.1 Objectives

The ability to design noise control treatments applicable to
a class of aircraft depends upon clear evidence that all the
aircraft for which control measures are desired share common
noise generation and transmission characteristics. Many measure-
ments of interior noise have been made on general aviation air-
craft and studies of sources [4,5,8,9, 21,27,28] and paths on
particular aircraft have been conducted (1,2,3,6,7,10-20,22, 23,
24 ,29-38]} . However, the published interior noise data for
different aircraft was often taken under different flight
conditions, thus making it difficult to use such data for a
survey and comparison of a large segment of the fleet, or to
derive consistent trends from the data regarding sources and
paths on aircraft of contemporary design. Therefore, a
controlled survey was indicated on a sample of aircraft of modern
design. 1In an effort to characterize the interior noise
environments of a representative segment of the fleet under
nominally identical conditions, a flight test program was devised
with the following objectives:

* Survey a representative sample of the general aviation
fleet under similar and controlled operating conditions

to document the interior noise levels of current
generation production aircraft;

* Identify principal noise sources and paths in the
aircraft under a standardized set of flight procedures;
and

* Conduct as many diagnostic tests as possible to quantify
noise source "strengths" and paths in terms of their
importance to cabin noise.

From this series of tests, an aircraft which was represen-—
tative of a large portion of the fleet could be selected for
detailed diagnosis and later use as a study vehicle for design of
noise control treatment.

AR (114 Va3 ) TR

R I T AReT

il

TRl T T TR AT ey}




Aircraft Selection

The aircraft considered for inclusion in the flight test
survey were selected from a master matrix which included model
designation, first year of airframe production, total number in
service, sales trends, passenger capacity, weight, range, engine
type and power. The characteristics of those chosen are listed
in Appendix A, Tables A.l1 and A.2. 1In selecting the actual
models to be tested, the major criteria applied were:

* vintage of the airframe design, with contemporary
designs being strongly preferred;

* current and projected sales volume;

°* status of prior noise control efforts on the particular
airframe;

* availability of aircraft for test purposes, and of
support services of manufacturer.

The majority of the aircraft tested were new airframes with
factory-installed interiors. Additional flights on several
aircraft without interiors allowed diagnostic measurements on
structural members which would normally be covered by trim
material, as well as measurements of the noise in the untreated
cabins. Other diagnostic tests conducted on the ground provided
additional data on transmission paths. The range of aircraft ‘
available allowed testing of combinations of turbocharged and
normally-aspirated engines with two- or three- bladed pro-
pellers. Also, several large turbine-powered twins were
available for the survey portion of the study.

2.2 Flight Test Conditions and Instrumentation

Figure 1 illustrates schematically the standardized flight
program devised to acquire survey and diagnostic data. The aim
of the flight tests was to measure noise and vibration levels
under representative yet controlled conditions. In attempting to
choose a "standardized" operating condition for a large number of
aircraft types, one is confronted with a number of issues. These
include normal aircraft performance and operating ranges and the
variability in atmospheric parameters which affect sound gener-
ation and transmission (such as density and sound speed). Flight
manuals for the various aircraft tested describe cruise
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operations at altitudes varying from 610 m (2000 ft) to over
10,000 m (>»35,000 ft). Figure 2a shows "typical" variation in
pertinent atmospheric parameters over that range of altitudes;
note that the exact values vary with geographic location and
weather condition, but the trends shown are typical. Thus,
conducting "standardized ' tests at a different altitude for each
aircraft would require accounting for the effects of density and
acoustic impedance variations on source and path character-
istics., Furthermore, the performance of aircraft varies with
altitude for a nominal engine setting (which, in the case of
piston aircraft, consists of fixing the manifold pressure and

engine speed). Figure 2b illustrates the range of performance
variables which would be expected from a typical piston engine
aircraft (with turbocharger) Since most of the aircraft tested

were piston engine types, it was desired to choose a "standard"
altitude where the power produced by a normally- asplrated engine
was comparable to that produced by a turbocharged version of the
same engine. A nominal altitude of 1500 m (5000 ft) was deter-
mined to satisfy that criterion. However, that altitude was
unrealistically low for some of the larger twins which normally
are pressurized to allow comfort at higher altitudes. Therefore,
for the large twin and one pressurized single engine aircraft,
tests were conducted at their "normal" cruise altitudes, which
were usually in the range of 3100 - 3800 m (10,000 - 12,000

ft). In the analysis of test data, considerable variability in
levels was found at one altitude on particular aircraft; there-
fore, it was not possible to systematically isolate the effects
of altitude on interior noise levels. Most tests were performed
during straight and level cruise operation. Some data were also
taken during takeoff and climb, and a number of "tiedown" tests
on the runway and power-off dive tests were conducted.

The englnes of plston engined aircraft were operated at
"maximum continuous cruise speed" and at "most economical cruise
speed"”. This translates into engine speeds of 2400 RPM and 2100
RPM for most of the aircraft tested. Figure 2b shows typical
engine power output at these settings, as a function of alti-
tude. The actual conditions for each test are summarized in
Appendix A, Tables A.l and A.2.

The passenger load on most single engine piston-powered
aircraft consisted of a pilot, an engineer in the copilot seat,
and an engineer in a rear passenger seat; the passenger and crew
weight was thus around 230 kg (510 1b). Passenger and crew loads
on the large piston-and turbine-powered twin englne aircraft
consisted of a pilot and copilot with two engineers in the
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passenger cabin, a typical weight being about 310 kg (680 1lb).

No extra weight was placed aboard the aircraft beyond that of the
recording instruments. This weight was approximately 14 kg (=30
l1bs) for survey flights, and 70 kg (=150 lbs) for diagnostic
flights, respectively.

During these tests, all air conditioning, heating, and
ventilating systems were shut down for cabin noise measure-
ments. Although these systems may be important noise sources in
a quiet cabin, noise control treatments for them are well
understood as compared to treatments for reducing propeller
noise, engine-induced structureborne noise, and flow-induced
noise.

Weather conditions for the flight tests varied widely from
43°C (110°F) ground level temperatures in Wichita, Ks, in July
1980, to 4.4°C (40°F) in Boston, Ma, the following October. No
precipitation was encountered and winds aloft were usually
strong. In all cases, attempts were made to find non-turbulent
air near the desired flight altitudes for the actual data
recording.

Two main sets of instrumentation were used for the flight
tests:

(1) Recording instrumentation for survey flights of fully
furnished aircraft consisted of:

a) one-half in. (1.27 cm) condenser microphone with
foam windscreen with battery-powered microphone
preamplifier;

b) 2 gm piezoelectric accelerometer, with internal
preamplifier; and

c) 2-channel instrumentation-type tape recorder,

The microphone and accelerometer were moved about the cabin
during flights to record noise and vibration near important
panels such as the windshield, side windows, etc. The mass of
the accelerometer chosen for use was very small (2 grams) to
avoid loading the light-weight panels used in aircraft con-
struction. All transducers, preamplifiers, and recording
equipment had a frequency response flat to at least 10 kHz.
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(2) Recording instruments for the detailed diagnostic
flights (discussed in Sec. 3) consisted of:
a) Seven channel FM recorder (10 kHz bandwidth)
b) Six low noise amplifiers.

The survey tests collected noise and vibration data for

important areas within the furnished cockpit/cabin. The minimum
data collected were:

a) Noise spectra at:
- Center of cabin between pilot and copilot (for all but
turbine-powerd aircraft);
- windshield
- copilot side window
- second side window (aft of doors)

- rear window (if existing on the particular model)

b) Point, single-axis*, vibration spectra at:

windshield

- seat rail and/or wing spar

- copilot side window

- second side window (aft of doors)

"= rear window.

2.3 Summary of Results of Survey

A large quantity of data was obtained during the survey of
18 aircraft. Appendix A presents an expanded discussion of the
data itself. 1In this section of the report, a summary of overall
trends is presented.

*acceleration normal to local surface
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A-weighted sound pressure levels (SPL) and speech inter-
ference levels (SIL (0.5, 1, 2, 4))** were calculated from data
gathered during the survey flights. Figure 3(a) presents a
summary oOf the range of cabin sound pressure levels which were
measured in single-engine aircraft, twin piston engine aircraft,
and twin turboprop aircraft, as a function of their maximum gross
weight. Only those with production interiors are included in
Fig. 3, although data for aircraft with partial or no interior
trim is included elsewhere in this report. Figure 3(b) provides
several curves which may serve as a guide to judging the accept-
ability of various A-levels or SIL's. These curves [from Ref.21]
illustrate the percentage of test subjects who were highly
annoyed when exposed to typical aircraft interior noise spectra,
while sitting (attempting no speech-listening), and while
attempting speech listening and speech communication. Such
curves can serve as guidelines for cabin noise goals or to
evaluate the acceptability of existing acoustic envirorments, It
is clear from these curves that the acoustic environments in the
18 aircraft surveyed would be unacceptable to well over 50% of a
typical passenger population.

The data presented in Fig. 3(a) consist of ranges of A~
weighted levels and SIL (0.5, 1,2,4) for each aircraft on typical
straight and level cruise flights within the previously-described
standard flight test regimen. On each aircraft sampled, the
sources of the variations in levels include variations in power
settings, engine and flight speeds, in-cabin spatial variations
and flight-to-flight variations. 1In most cases, only one sample
of each aircraft was tested; thus no aircraft-to-aircraft sample
variability is included, although it would be expected that this
factor could further increase the spread in the data for a given
aircraft. The variability issue is discussed further in this
report in Sec. 2., Sec. 3, and Appendix A.

The data follow reasonably systematic trends with the single
piston engine aircraft producing the highest speech interference
levels and nearly the highest A-weighted levels measured. A
general consistency in the A-level of piston engine aircraft is
observed, with lower levels being seen on turboprop Aircraft E,
the only pressurized single-engine aircraft in the semple, and on
turboprop machines. The reasons for Aircraft E's lower noise
levels may include its pressurization and the attendant heavier
wall construction and airtight seals required, and/or its bed-
mounted engine. The reasons for lower turboprop noise levels
probably include the lower noise and vibration of turboshaft
versus piston engines, the heavier fuselage structures used on

**ANSI standard ANSI S3.14-1977 defines the speech interference
level SIL (0.5, 1, 2, 4) as the arithmetic average of the sound
pressure levels (in dB re 2x10~> N/mz) in the 500 Hz, 1 kHz, 2
kHz, and 4 kHz octave bands.

10
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the larger aircraft, flight conditions, (e.g., operating with a
smaller fraction of maximum payload thus enabling reduced power
and creating slightly different flow field details over the
airframe). Furthermore, the steady reduction in SIL with
increase in aircraft weight is probably due to the trend toward
more cabin noise treatment which is possible in the larger
machines due to their relatively larger payload weight margins as
compared to the weight margins of the smaller aircraft.

It is interesting to compare these results with noise levels
measured in other familiar vehicles. Figure 4 summarizes A-
levels for autos, busses, rail cars, CTOL jet transports, heli-
copters and general aviation aircraft [Ref's 4, 33]. The range
of A-levels measured in this survey is toward the lower end of
the range reported by Wilby and Smullin [Ref 33]. This may be
due to the fact that the present data includes only level cruise
conditions, whereas the data in Fig. 4 presumably includes
takeoff conditions (for CTOL also). The levels observed in the
largest aircraft tested (5700 kg) overlap the upper part of the
range of levels in commercial transports.

The range of noise levels observed in most of the aircraft
surveyed is sufficiently large that extreme care must be taken
in setting reduction goals, and measuring noise reduction. The
causes of variability are addressed further in the next section
of this report.

Cabin noise and vibration spectra from each aircraft tested
are presented in Appendix A. Representative spectra will be
discussed in this part of the report to point out trends observed
as well as significant factors which may influence noise control
design. Figure 5 shows A-weighted third octave spectra for three
aircraft covering the full range of those tested. It is con-
venient to present the analysis after A-weighting has been
applied so that the relative acoustic importance of sources in
each frequency band to the overall dBA level can be easily
assessed. (In Figs. 5(b) and 5(c), the data are abbreviated at
the higher frequencies due to the limits of the tape recorder
noise floor having been reached; the recordings were made with
flat frequency response, with A-weighting being applied on
replay.)

Several observations can be made from examination of the
three plots in Fig. 5.

12
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. All three spectra show strong tonal behavior at the
propeller blade passage rate and the first few
harmonics; typically the energy at the second and third )
harmonics of the blade rate contribute more to the A-
level than that at the fundamental frequency; on Fig.
5(a), the prop blade and engine firing frequencies and
their harmonics coincide, so an unambiquous distinction
between their relative contributions cannot be made from
a simple spectral analysis.

- Considerable variability in the levels around the cabin
exists, with the levels near the windshield usually
being the highest at most frequencies.

. The energy above the third propeller harmonic makes a
significant contribution to the A-level.

. In Fig. 5(b), the cabin noise at the engine firing (El)
frequency can be separated from noise at the propeller
fundamental (Pl) and first harmonic (P2). In some
narrowband analyses, radiated noise is also as evident
at 1/2 the firing frequency (E 1/2); however, in some
cases, the E 1/2 frequency also does not coincide with a
prop rate harmonic, so a reasonably clear separation of
contributions can be made.

Such information is helpful in understanding the character
of interior noise in general aviation cabins, but does not
provide sufficient guidance toward conceiving noise control
treatments, since all sources are not explicitely quantified, and
the paths by which the energy from each source reaches the cabin
are not identified. The discussion that follows describes
further analysis of the data which provides additional clari-
fication regarding sources and paths.
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2.4 Preliminary Observations Relating to Diagnosis of
Predominant Sources and Paths

In addition to obtaining surveys of A-weighted and speech
interference levels, and 1/3 octave band spectra on 18 aircraft,
one objective of the study was ranking of predominant source/path
combinations in the various aircraft. This work was aimed at
guiding future work on detailed source/path diagnostics and in
judging the generality of the applicability of noise control
treatments designed for one aircraft.

The ideal way to conduct source and path diagnosis is to
eliminate all but one source, and study its characteristics and
transmission paths systematically, then repeat the process for
each other source. Such a process would probably require a large
low noise wind tunnel where the correct aerodynamic loading on
the propeller and airframe could be achieved. Since the pre-
liminary survey allowed for only brief time to study each air-
craft, other methods had to be relied upon for the diagnosis.

The methods included:

J pragmatic experiments, such as: (a) engine-off dive
tests, where propulsion sources could be suppressed
relative to flow-related sources, and (b) changing
number of blades on a propeller from 3 to 2 in order
to separate the frequencies of the sound and vibration
emanating from the propeller and engine at fundamental
blade and firing rates;

. narrowband spectral analysis to assist in deducing
spectral contributions associated with periodic
phenomena;

. surveys of structural vibration at accessible surfaces
in the cabin to help locate the most significant
radiating part of the transmission paths.

The amount of experimental diagnostic work possible varied
from one test aircraft to another due to aircraft availability,
access to structural members for mounting transducers, and extent
of interior furnishing. However, even in those aircraft for
which only minimum diagnosis was possible, inspection of the
interior noise spectra allows for some ranking of predominant
sources, although propagation path ranking for a given source is
more ambiguous in such cases.

16



Narrowband Analysis to Identify Constituents of Spectra

In general, the predominant sources of energy which create
cabin noise are the propeller, powerplant, and turbulent flow
over the airframe. The frequency spectra previously shown in
Figs. 5(a) - (c) were examined to attempt to assess the relative
contributions of the propeller and the engine. Although the
distinctive frequencies produced by the first two sources may be
identified in narrowband analysis, the broadband contributions
are more difficult to attach to a particular source. The narrow-—
band sources are discussed first.

In engines designed for power ranges below 157 kw (210 hp),
the combination of propeller and powerplant in reciprocating
engine aircraft usually consists of a two-bladed propeller
directly coupled to a 4 cylinder engine. Higher power install-
ations comprise 6 cylinder engines which are usually directly
coupled to three-bladed propellers. Since all current aircraft
reciprocating engines are four cycle designs, the fundamental
firing rate and propeller blade passage rate are the same for the
installations described above., (Cylinders are arranged such that
opposed pairs of pistons work together, thus producing one firing
per revolution per cylinder pair; therefore, a four cylinder
engine has a firing rate of 2x RPM, and a 6-cylinder engine has a
firing rate of 3x RPM.) It is thus impossible to separate the
two sources by simple frequency analysis at a single point in the
field or in the cabin for the situations described above.

However, certain single and twin engine aircraft are fitted
with 6-cylinder engines and 2-bladed propellers, which leads to
frequency separation between the prop and firing fundamental
frequencies and many of the harmonics. For example, consider a
6-cylinder engine running at 2400 RPM connected to a two bladed
propeller. The engine firing harmonic frequencies will be 120,
240, 360, and 480 Hz etc., and the propeller frequencies will be
80, 160, 240, 320, 400,, and 480 Hz etc. (Note that in some
engines, there is also observable acoustic energy radiating from
the exhaust at 1/2 firing frequency, or 60 Hz in this case.)

Thus the fundamental and third harmonic of the engine firing are
separated from the fundamental, 2nd, 4th, 5th of the propeller,
and thus allow the contributions of the two sources to be readily
identified. Figure 5(b) showed example of this technique applied
to a piston-engine twin, while Fig. 5(a) illustrated the ambigu-
ous situation where prop and firing rates were identical.

17
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To clarify the contributions of these two sources for
selected aircraft, narrowband analysis was conducted on certain
transducer signals. Figure 6 illustrates a narrowband analysis
of the noise in the cabin of an aircraft with a single 6-cylinder
engine, and a two-bladed propeller (Aircraft D from Appendix
A). This analysis is A-weighted to aid in assessment of the
relative contribution of the various spectrum features to the A-
weighted level. The 400-line analysis extends to 2 kHz to cover
the most significant part of the frequency spectrum (Note that
Fig. A.3 in Appendix A provides the companion 1/3 octave band
survey.) The unambiguous frequencies associated with propeller
and engine rates have been indicated as P1l, P2, etc., and El, E3,
etc. It is apparent that the majority of the significant peaks
up to 600 Hz are due to propeller blade rate harmonics, although
the peak at the,engine firing frequency (120 Hz) is quite large.
The relative contributions at frequencies where both propeller
and engine harmonics occur depends, of course, on the harmonic
content of each source's spectrum, The relative levels of pro-
peller harmonics are influenced by blade loading details and by
the amount of inflow distortion to the prop, which in turn is
related in part to the upwash velocities ahead of the wing. The
upwash velocity disturbance is a function of aircraft weight and
forward speed. The relative levels of engine firing rate har-
monics are influenced by the type of exhaust system used, the
presence of turbocharger on the inlet, and power output of the
engine.

From this narrowband analysis of one aircraft, it is obvious
that the propeller is the dominant source of low-frequency tonal
noise. The role of airborne vs. structureborne paths is not
clarified by simple spectrum analysis. The engine is also
clearly contributing at firing rate, and possibly at the first
6 harmonics of firing rate, As was the case with the propeller
contribution, this data by itself is insufficient to point out
the predominant paths. It can also be observed that broadband
contributions are significant - less than 10 dB down from most
discrete frequency components, and occuring over more frequency
bands. Thus, all that can be concluded from a narrowband
analysis is that many sources of cabin noise can be identified,
and as with any complex noise control problem, all sources
contributing equally or nearly equally will need to be reduced
to achieve a significant overall reduction,

18
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Role of Noise Not Originating in the Propulsion System

It is well-known that current generation commercial
passenger-carrying jet transports experience interior noise
caused by flow over the airframe (i.e., non-propulsion sources).
This flow consists of a turbulent boundary layer over the
fuselage which excites vibration of the skin, both hydro-
dynamically and acoustically (the distinction being the con-
vection velocity of the disturbances); another form of non-
propulsion noise arises when the boundary layer on the wings and
control surfaces encounter a surface discontinuity such as the
trailing edge, at which point substantial sound may be generated
and subsequently radiated onto the exterior of the fuselage. The
precise separation of these two classes of sources has not been
accomplished convincingly for jet-powered CTOL aircraft, or for
propeller-driven light aircraft.

In order to assess the possible role of non-propulsion
sources on the aircraft being surveyed, pragmatic experiments
were devised and conducted on several aircraft. 1In several
cases, it was possible to conduct a power-off dive test of the
aircraft to achieve a steady speed approximately equal to the
speed achieved in level flight.

In the case of the twin-engined aircraft, it was possible to
fully feather the propeller blades and stop the propellers and
engines completely. However, in the case of the single-engine
aircraft, it was not possible to feather the propeller completely,
and thus the engine continued to turn even though the engine was
shut off. 1In such cases, the propeller noise is expected to be
minimal, but its wakes will excite the fuselage; also, the engine
vibration continues, and backfiring may occur producing occasion-
al exhaust noise.

Figure 7 shows the result of a test on a single engine
airplane, which was fitted with a production interior. The
landing gear were retracted for this test as they had been for
cruise measurements. It can be seen that the noise during the
dive is similar to the magnitude of the noise in normal cruise
operation. Figure 8 shows a narrowband analysis of the same
test, from which it can be seen that the "power-off" levels are
nearly identical to the cruise levels except in about 25 of the
400 bands in the analysis, where engine and propeller harmonics
are evident. Since the engine continued to turn during the dive,
one could not rule out propulsion-related sources in Fig. 8
without a more thorough monitoring of exhaust pressures, mount
vibration, engine compartment noise, and propeller wake charac-

20
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teristics. However, these tests showed that nonpropulsion
sources may play a significant role in determining the cabin A-
level at cruise for single engine aircraft, and thus treatments
may be needed over a large area of the fuselage.

Similar dive tests were carried out with several twin-engine
aircraft, on which propellers and engines could be brought
completely to a stop without creating unusual propeller wakes
which would excite the fuselage in an uncharacteristic manner.

In most cases, the dive speed did not reach the cruise velocity,
Therefore, a scaling relationship was needed to extrapolate non-
propulsion noise measured at a low speed to the cruise velocity
for comparison with "all sources". Figure 9 shows the results of
one such scaling test, where data taken.at 110 kt is scaled to
closely match the 150 kt data using a V" relationship, which is
normally associated with the scaling of mean-square pressures in
a turbulent boundary layer, wake, or jet when the turbulence
structure remains basically unchanged over the speed (and
Reynolds number) range of interest. No frequency shift is
applied since it is assumed that:

(1) the spectrum of boundary layer pressure fluctuations is
quite flat in the frequency range of interest;

(2) the aircraft structure is responding as a resonant
spatial filter; and

(3) the damping and radiation éfficiency of the structure do
not change over the speed range of interest (i.e., there
is insignificant fluid/structural coupling).

These %50 kt data are then scaled to the 178 kt cruise condition
by a V® relationship; the comparison with "engine on" noise
levels is shown in Fig. 10, Again, the non-propulsion contri-
bution to the broadband spectral levels is found to be substan-
tial. In this case, the only major uncertainty is whether or not
the flow field over the aircraft was identical between the dive
and cruise conditions. Of particular interest is the relatively
large contribution to the low frequency levels; this suggests the
existence of large scale turbulent structures either along the
fuselage (such as at the wing root junction), the generation of
low frequency trailing edge noise at the same locations, or
possibly, the excitation of low frequency vibration of the tail
section by the wing wake or separated flow behind the cabin.

During the same tests, a side window was instrumented with
an accelerometer at its geometric center. The vibration levels
measured at the 110 kt dive were scaled to 178 kt using the V*
relationship. Figure 11 shows the comparison of the power on and
scaled dive curves, indicating that the window vibration may be
largely flow-induced, except at propeller harmonics.
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The inference we draw from these limited tests is that, for
single engine aircraft, the non-propulsion sources are approxi-
mately equal to those of the propulsion system in terms of their
contribution to the A-weighted level and SIL when aircraft are
operated at their normal cruise speed and altitude (relative
contributions may vary at other speeds, altitudes, and power
settings). However, the tonal sources related to the propulsion
system are probably more annoying. For twin-engine aircraft, the
propeller tones dominate the cabin levels, although the non-
propulsion-system noise seems to control most of the broadband
noise. It is likely (but not necessarily assured) that sidewall
treatments which would reduce propeller airborne noise on twins
would also reduce the broadband noise from the nonpropulsion
sources.

Accelerometer Surveys

During the flight tests, single-point vibration measurements
were made on cabin interior surfaces which were considered to be
relevant to the radiation of noise into the cabin. Typically,
measurements were made on the windshield, cabin windows, and roof
panels as these are large areas for potential radiation.
Measurements were also made in structural parts of the fuselage
such as seat frame rails, door frames and the wing spar (all are
summarized in App. A).

No effort was expended on this survey to interpret the
vibration measurements unless resolution of a particular issue
could be made. One example of such a use is presented for the
case of a single 6-cylinder engine aircraft with two-bladed
propeller which showed a dominant engine firing rate in the cabin
noise spectrum. (As has been discussed, the unambiguous identi-
fication of an engine firing rate in the cabin noise spectrum was
a somewhat unusual phenomenon and provided impetus for further
investigation.) Figure 12 shows a restricted range A-weighted
1/3 octave band noise spectrum in the cabin at three locations,
all of which show a high level at engine firing rate (El). Also
shown in Fig. 12 are the vibration readings taken at three
locations. Note that none of the locations show evidence of a
dominant peak at firing frequency (El). This suggests that the
engine firing frequency is entering the cabin in a localized
area, possibly due to firewall radiation or an acoustic leak.

The vibration measurements suggest that this noise does not enter
through the vibration of the primary airframe structure or the
radiating surfaces close to the occupant's ear positions.

while the presence or absence of a dominant frequency may be
relatively easy to identify, the comparison between vibration and
noise levels can lead to ambiguous conclusions. The vibration
levels are significantly higher on the side window than on the
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windshield and yet the noise levels near the windshield are
generally higher than those adjacent to the side window. Never-
theless, the data suggest for the aircraft in question that the
engine firing tone emanates from a local point in the cabin
whereas the propeller noise is transmitted to the cabin by
vibration of a number of surfaces.

Repeatability of Data

Analysis of the flight tests on those aircraft without
interior trim revealed a substantial variation from flight-to-
flight of interior noise for the same nominal flight condi-
tions. Figure 13 shows such variations for the test aircraft at
two engine speeds. The extent of the variability was less in the
aircraft with the production interiors. This effect was not
noted until after the data had been analyzed. All the tests were
conducted with tape applied over the door joints to minimize the
obvious candidate air leaks. The cabin air vents, which are
connected to the wing leading edge, were also closed for these
tests. Although variability due to air leaks may be expected at
higher frequencies, it appears improbable that these are the
cause of variations at the lower orders of propeller blade
tone. This aspect was investigated further as far as the blade
tone variability was concerned and the results are presented
below.

Cabin Noise Amplitude Variation

In many instances the major interior noise level occurs at
the propeller blade fregquency. The sources of this noise are
acoustic from the blades' airfoils due to the usual mechanisms of
rotational noise, which is coupled through the air to the cabin
walls, and the vibration of the aircraft at propeller blade rate
which is due to the aerodynamic and structural imbalance forces
acting at the propeller shaft. The aerodynamic imbalance may
fluctuate with the inflow of turbulence or in response to
aircraft control movements.

In-depth analyses of the data taken on one aircraft (having
stripped interior) to gain a greater understanding of the under-
lying causes for variations in amplitude. The time-varying
response of transducers located at key points in the aircraft was
plotted. Figure 14 shows the results of this test at two engine
operating speeds. Each sample consists of time synchronized
recordings made over a three minute period during which the
engineering test pilot maintained the steadiest possible flight
conditions. The time histories represent the RMS amplitudes in
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the 1/10 octave band centered on the propeller blade fundamental
frequency. Cabin noise amplitude variations greater than 10 dB
are observed for both tests. The wing microphone which provides
a measure of the acoustic power produced by the propeller is
relatively steady compared to the cabin noise. The engine
exhaust noise, which is at the same frequency as the propeller
blade rate, is extremely stable in its amplitude. The major
variations are seen to occur at the engine mounts on the aircraft
structure side of the isolator. The flight observers noted that
the variations in cabin noise is more pronounced on "rougher"
flights which occur during turbulent conditions. Since
structural vibration is suspected to be the major variable it is
likely that either the aerodynamic unbalance forces on the
propeller are changing or that the coupling between engine and
structure is varying. If the aerodynamic forces on the propeller
vary during turbulent conditions, both the radiated noise and the
magnitude of the structureborne unbalance would also change.
However, since relatively small changes occur in the propeller
acoustic signal from the wing microphone it is unlikely that the
propeller loading is changing over a wide range. Thus the data
on Fig. 14 indicate tht the variations in interior noise of this
aircraft are associated with variations of accelerations of the
engine mounts, and thus presumably with the associated variations
of the structureborne noise transmitted from one propeller and
engine into the cabin. It should be noted that the engine is
supported on four mounts and that all of them are potential
contributors to the coupling of structural energy. The use of
four engine mount isolators that are necessary in the redundant
structure makes it likely that the loads carried by each are
unequal. The stackup of mechanical tolerances coupled with the
stiffness of the mounts indicate high probabilities of non-
uniform loading. Loads generated by aircraft pitching during
gusty flying conditions will further disturb the mean loading of
the mounts. Since the isolators use rubber and are of a non-
linear design, then transmissability is a function of the mean
loads they support. The mean loads which vary during gusty
conditions will lead to variation in the transmission of energy
through the mounts and thus varying cabin noise.

From these findings, we conclude that when performing
diagnostic studies, one must monitor both the source or path
transducer and the cabin (receiver) microphone if precise
interpretation is to be expected.
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2.5 Conclusions from Flight Surveys

The objectives of the flight survey were fulfilled. Surveys
of 18 production aircraft produced consistent trends of cabin
noise levels, which fall in the range of previously-reported
results., Standardizing the flight test procedures allowed
meaningful direct comparisons to be made. The survey also
identified some potential pitfalls of flight testing, namely
variability in levels among nominally-similar operations.
Previously-observed variations in sound and vibration levels
among different cabin locations were consistently found in all
aircraft. Pressurization effects generally provided reduced
levels of broadband noise and reduced levels of propeller
harmonics.,

Enerygy at propeller blade rate and its harmonics was
dominant in all 18 aircraft tested, while the apparent
contribution of engine-related noise varied widely; therefore
propeller sources and paths must be controlled in all aircraft,
but the engine related sources may not control cabin levels in
all aircraft, especially large twins., One finding that is
perhaps new to the light aircraft community is the apparently
strong role of non-propulsion noise in determining the cabin A-
weighted noise levels of single-engine aircraft. TInasmuch as
treatments for turbulence-excited panel vibration may be dif-
ferent from those which are best-suited for controlling sound-
induced vibration (and re-radiation), a more detailed under-
standing of this source is needed.

Therefore, the flight survey did not serve to eliminate any
sources or paths from possible consideration in the single engine
aircraft, although propeller noise is clearly dominant in twins.
Thus, future diagnostic efforts on a single aircraft necessarily
included a full scope of source and path combinations.

32



3. EXPANDED DIAGNOSTIC WORK ON A PARTICULAR AIRCRAFT
3.1 Introduction

The objective of this portion of the study was to build upon
the results of the flight survey of 18 aircraft by conducting an
in-depth study of an aircraft which would be representative of a
significant segment of the fleet in terms of the similarity of
its design, operational and acoustic properties. The primary
elements of this diagnostic work were (1) to perform controlled
studies on one aircraft type to develop a sufficiently refined
model of the primary sources and paths that treatment concepts
could be developed with minimal additional testing, and (2) to
evaluate diagnostic tests and methods themselves to determine
whether more sophisticated techniques would be required to
optimize the definition of primary source and path combinations,
and thereby optimize noise control treatment application.
Although the specific details of the work will pertain to the
aircraft tested, the methods to be used, trends observed, and
treatment concepts studied should have general applicability to
other aircraft.

The aircraft to be used for the diagnostic work was selected
from those tested, based upon review of the fleet survey data and
discussions with manufacturers, of the following factors:

. Contemporary design (of airframe, propeller, and engine)

. Popularity of type (past sales, and sales trends, as a
percent of the total fleet)

. Typicality of noise levels, as deduced from flight test
program

. Availability of test aircraft for substantial ground and
flight testing

. Possibility of configuration changes on test aircraft.

The aircraft selected is a high-wing, single engine design
with a retractable undercarriage. It is powered by a 6-cylinder
horizontally-opposed engine and could be tested with a two-or
three-blade propeller. The model was also available with and
without a turbocharger. The maximum takeoff weight was 1400 kg
(3100 1b) for both versions. The aircraft was also available
with three different levels of interior treatment, ranging from
none to a standard production interior. Thus, in this one

33

(I

Fleen e

oy




aircraft type, the following component changes could be evaluated
in terms of their effect on noise: propeller blade number, turbo-
charger, and nominal treatment. The availability of the aircraft
at the manufacturer's facility allowed the effect of some engi-
neering changes evaluated. Since approximately 700 aircraft of
this model family were sold in 1978, and 1200 in 1979, this
aircraft was not only significant in its market share but was
increasing its share, thus reflecting its popularity.

The test aircraft in its turbocharged version was one of the
aircraft included in the fleet survey and is identified in Fig. 3
as Aircraft D, from which it is seen to be typical of the fleet
in terms of cabin noise level. (The aircraft in its partially-
fitted or stripped version is identified as Aircraft C in
Appendix A.) Data taken during the flight survey (e.g., Figs. 6,
8 and 12) showed that this aircraft had significant and approxi-
mately equal contributions to its cabin noise from propeller,
engine, and nonpropulsion sources, thus making the diaghosis and
treatment of the sources and paths a most comprehensive effort.
The aircraft is shown schematically below in Figure 15.

3.2 Test Configurations

The following major configurations of the aircraft were
tested:

Engine Propeller Interior Trim
Turbocharged 2 blade None
Turbocharged 3 blade None
Normal Aspiration 2 blade Production
Normal Aspiration 3 blade Production

Flight tests were conducted at normal cruise conditions plus
selections of takeoff, climb and a dive with the engine shut
down. Flight payloads were similar to those described in Sec.
2.2. Ground tests were also conducted to measure certain
acoustic and vibration transfer functions.
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3.3 Selection of Transducers and Their Locations

A variety of acoustic and vibration transducers were used to
measure noise and vibration source strengths as well as to indi-
cate the paths by which the energy reaches the receiver space.

Location of the transducers for source strength measurements
requires that all potential sources be evaluated, and as many of
them as are judged significant should be instrumented. The
flight survey tests provided an indication that virtually all
major source categories might be occurring in roughly similar
strengths (i.e., engine, propeller, and nonpropulsive sources).
The assessment of the noise paths requires that sensors be
located such that the noise can, if possible, be traced from
source to receiver. In the case of light aircraft, a generalized
source path diagram can be constructed to show the locations of
key transducers. Such a diagram is shown in Fig. 1l6. Specific
descriptions follow.

Machinery Space Microphone: A condensor microphone was
installed in the engine compartment midway between the rear of
the crankcase and the firewall, to measure the noise level on the
engine side of the firewall. The microphone was mounted via
vibration "isolators" (tape-encased foam pads) onto the airframe.
A 7.6 cm (3 in.) diameter foam windscreen was installed since air
circulation velocities can be high. The compartment temperatures
were measured to ensure that the microphone was not overheated.

Exhaust Microphone: This was installed to measure the
fluctuating pressures close to the exhaust pipe discharge. This
measurement allows estimates to be made of the sound power level
radiated from the exhaust pipe and thus the sound pressure levels
incident on the fuselage. The high exhaust gas temperatures
require that either a high temperature microphone be used or that
thermal isolation be employed with a lower temperature micro-
phone. A piezoelectric pressure sensor (6mm (1/4in) diameter)
(having internal electronics) was installed in a tube 10 cm long
(4"), which provides thermal isolation. The one quarter wave-
length resonant frequency of the tube was approximately 770 Hz
and thus the assembly had sufficient useable bandwidth to measure
the fundamental engine exhaust frequency of 105 Hz plus the first
few harmonics. The microphone is illustrated in Fig. 17.
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Engine Air Intake Microphone: The location of the air
intake in this test aircraft is just behind the propeller. It
was considered that the acoustic path from the air intake to the
cabin firewall was significantly impeded by the engine and an
air-ducting bulkhead. 1In view of this observation, plus the
judgment that the air intake had "a..low source level, it was
decided not to install an intake microphone.

Wing Strut Microphone: Since the propeller rotational noise
is known to be a major source, a microphone with a bullet nose
cone was installed on a wing strut to measure the amplitude of
the blade frequencies. The microphone was placed outside the
propeller slipstream area, 1.2 m (48") from the cabin wall as
shown in Fig. 18 (see also the location indicated by "M" on Fig.
15). A photograph of the microphone as seen from the cabin is
shown in Fig. 19, The measurement of broadband (non-rotational)
noise from the propeller was not attempted since it was believed
that the proximity of the wing and its strut would control the
broadband noise at the microphone location by both direct-
radiated noise and by hydrodynamic pressure fluctuations arising
from local flow separations at the microphone attachment.

Accelerometers

Point vibration measurements were made at locations which
were considered key points in the structure. Given the timewise
variability effect observed on one of these aircraft in the
flight surveys (sece Sec. 2.4) which had been tentatively assoc-
iated with engine- and/or propeller-induced vibration, the
vibration level induced in the airframe by the engine/propeller
combination was of extreme interest. Accelerometers were
initially mounted on both the engine-side and the airframe side
of the engine isolators, so that the isolator performance could
be determined. As will be discussed later, these measurements
were not definitive and thus an alternate method was employed to
assess engine isolator performance.

Accelerometers were also used in the cabin to measure the
vibration levels of the skin panels and fuselage frame members.
The vibration measurements were made at the following specific
locations:
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a) Geometric centers of all windows and the windshield,

b) Geometric center of the major fuselage skin panels,
between frame members and stringers on aircraft with no
interiors,

c) Door frames, seat rails, and wing spars.

As previously mentioned, the accelerometers used were
piezoelectric devices weighing 2 grams with internal circuitry,
and thus having minimal effect in the vibration of the surfaces
being evaluated.

Flight Data Recording System

The signals from all transducers were recorded on magnetic
tape for post-flight analysis. The data acquisition system was
centered on a 7-track IRIG standard tape recorder with a bandwith
DC-10 kHz. The recorder was powered by a rechargeable aircraft
battery. Six channels were used for transducer signals and the
seventh was allocated to voice recording from the test engineer
and conversation with the pilot and flight observer. Precision
A.C. data amplifiers were used to increase the voltage level from
the transducers to the tape recorder inputs. Test personnel
comprised the pilot, front seat observer and rear seat recorder
operator. The latter two people had an intercom set which was
connected to the recorder so that both could announce test
conditions, amplitude settings etc., directly onto the tape.

3.4 Cabin Noise Observations

This section discusses overall characteristics of the cabin
acoustics of the test aircraft. 1Initially, the effects of
parametric changes were explored, followed by more detailed
studies of the cabin sound field. The reader is also referred
to Sec. 2.4 for discussion of the repeatability and timewise
variability of levels observed on certain flights of this
aircraft.

Two—-vs Three-Bladed Propeller
It was found that interior noise levels were somewhat higher

when a three-bladed propeller was used as compared to a two-
bladed propeller. Figure 20 compares the third octave spectra
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from each case. Figure 21 shows the corresponding narrowband
spectra upon which recognizable propeller and engine harmonics
are identified (refer to Secs. 2.3 and 2.4 for discussion of
limitations on frequency separation of different periodic
sources). In both cases, the energy at propeller tones is
greater than that at engine harmonics. Note that these data
apply to the cabin center position for the stripped interior

and do not reveal any path information. The major conclusion
inferred is that, for this particular aircraft, a three-bladed
propeller in combination with a 6-cylinder engine produces
slightly higher cabin noise levels than the 2-bladed counter-
part. The increases at low frequencies (below 200 Hz) may be
attributable to possible rapid changes with frequency in the
amount of sound transmitted through structures such as the
firewall, windshield, etc., due to low order structural )
resonances, and/or variations in the degree of propeller-excited
structureborne transmission. The increases at higher frequencies
between the 3-and 2-bladed cases are broadband in nature and
suggest that the prop broadband noise is higher on the three
bladed propeller, or that the flow speeds induced over the
fuselage are higher. Given the previously-mentioned variability
from flight-to-flight, one cannot treat the differences noted

here as being highly significant or necessarilty generalizable to
all aircraft.

Effect of Production Interior Treatments

Comparison of cabin noise levels with and without the
production treatment showed that a 6 - 8 dB reduction is achieved
at most frequencices above 300 Hz with the treatment, thus leading
to about 6 - 8 dBA reduction. Below 160 Hz, the treatment had
inconsistent effects, actually leading to higher levels at some
frequencises ans some locations in the cabin. However, 1low
frequency variability was a common phenomenon throughout the
study, so one cannot criticize the treatment based on this
data. Since the variability was not recognized at the time the
treatment evaluation was made, and since the focus of the study
was on source-path diagnosis, a more thorough study of production
treatments was not made; therefore, the treatment effect quoted

above is considered only a general indications,but not a highly
reliable figure.

Effect of Turbocharger

Wwhen a turbocharger is used on the engine, the exhaust
system is manifolded into a single exhaust. No discernable
systematic effect of turbocharging on interior noise levels was
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found, thus implying that the exhaust airborne levels either
change only slightly, or are not a dominant contributor at the
cabin center. The question of turbocharging effects can be
resolved by exhaust pressure measurements, discussed below.

Spatial Distribution of Levels and Phase Relationships Among
Points in Cabin

Other workers have identified acoustic modes within the
cabins of light aircraft during static tests [see for example,
Ref 29]. Since these modes may lead to amplification of certain
discrete frequencies such as the propeller blade tones within the
cabin, a survey of the distribution of levels and the phase
relationships among various points was conducted during a flight
test. Six microphones were arranged in the cabin and recorded
simultaneously during steady flight conditions as shown in Fig.
22,

The amplitudes of tones was measured and the phase
relationship of each microphone to the other five was determined
using a 2 channel F.F.T. analyzer. Cross spectra were measured,
and in some cases, coherence. Appendix A contains an in-depth
discussion of all tests conducted. Some typical results are
presented here.

Figure 22 shows the microphone location used which is
arranged to identify longitudinal and lateral modes within the
cabin, The SPL measured at each location within the cabin is
given for the two major tones, the propeller blade rate and the
firing rate. The firing rate SPL is seen to be highest at the
front of the cabin, which would suggest that the source of those
tones is either airborne sound from the exhaust pipe, or the
firewall responding to engine vibration. The propeller blade
tone amplitude is observed to be somewhat higher in the cabin
center and aft region than at the windshield. This suggests that
the propeller blade passage tone may be transmitted primarily
through the airborne path through the sidewall rather than
structureborne via the firewall., However, the existence of modes
in the cabin could confuse that simple logic.

Cross spectra were obtained to determine the phase relation-
ship between pairs of microphones. Appendix A contains phase
spectra for all microphone pairs at both engine speeds. Figure
23(b) shows a typical result obtained between microphones spaced
1 m apart along the aircraft longitudinal axis. Figure 23(a)
shows a typical result obtained for microphones placed 0.5 m
apart across the cabin width. Since the object of the experiment
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was to try to detect the presence of standing waves at the main
discrete frequencies attention should be given in the figures to
70 Hz (propeller blade rate) and 105 Hz (engine firing rate). TIf
standing waves are dominant, phase relationships of 0° or 180°
should be apparent. In the case of the longitudinal microphone
spacing zero degree phase angle is seen at 70 Hz and 25° at the
firing rate. Thus a mode may exist at 70 Hz based on this
evidence. A check of the phase between microphones longitudi-
nally spaced 2 m apart shows a 90° phase angle thus suggesting
that no mode exists. Also to be considered is the 60° phase
angle which exists at 70 Hz in Fig. 23(a) between the laterally-
spaced microphones. Attempts were also made to determine the
convection speed between the cabin microphones at blade rate to
obtain an understanding of the path direction, but the results of
these attempts did not prove conclusive.

In Fig. 23b the slope of phase angle versus frequency is
approximately uniform between 50 Hz and 90 Hz at 5.3°/Hz and
indicates a propagating wave along the cabin. The convection

speed of the wave is related to the phase shift by the following
relationship:

_ 360 Af d
c A

where U, is convection velocity in m/sec

f is frequency in Hz

¢ 1s phase angle in degrees

d is distance between microphones in meters.

AN

For the case in question,

- 360 (90-50) 0.95
210

= 65 m/sec

Since this phase velocity occurs at 0.19 times the local
speed of sound, it cannot be associated with an acoustic wave,
but it suggests either a hydrodynamic or structureborne effect.
The aircraft flight speed was 70 m/sec during these tests which
is the same order of magnitude as the derived convection
velocity; thus boundary layer excitation may be the cause of the
observed phase shift. The flexural wave speed in 6 mm (0.25 in)
thick aluminum ranges from about 17.5 m/s at 50 Hz to 25 m/s at
100 Hz, much slower than the measured convection speed. However,
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if the structural response involves modal participation, the
effective wave velocity in the longitudinal direction would be
higher. Detailed vibration measurements on the fuselage would
resolve this issue; howeveyr, appropriate measurements were not
made at the time of the survey.

Although this series of tests did not comprise a proper
modal survey due to the number of transducers and the possible
variability of the source during the sample interval, several
observations are helpful. First, there is some evidence of cabin
acoustic modes being excited in the frequency range of interest.
Secondly, the clear evidence of an axial phase velocity corres-
ponding roughly to the free stream flight velocity suggests that
aerodynamic disturbances in the boundary layer (which includes
propwash) may be a dominant source of excitation of the cabin
structure and subsequent radiation into the interior. This
latter observation supports the dive test results in the survey
phase.

3.5 Definition of Source Levels
Propeller and Engine Exhaust Airborne Levels

An opportunity arose to mount a microphone with bullet nose
cone on the wing strut of Aircraft D (see Figs 18 and 19). The
"wing strut" microphone provides a means of measuring at least
the tonal noise from the propeller and engine for comparison with
propeller noise prediction methods, as well as providing an
estimate of the sound pressure exciting the fuselage skin. The
wing microphone and fuselage are in the geometric near field of
the propeller and in strong diffraction region of the wing; thus,
the measurements must be interpreted with great care as to their
general applicability to other areas of the aircraft. Shown in
Figure 24 are data from two different propellers which are
virtually identical in their broadband levels. A calculation of
the propeller noise using Succi's propeller noise program [25,26]
with the mean load distribution and thickness distributions of
the propeller as inputs. This calculation underestimated the
level measured near the strut by about 4 4B, probably due to the
lack of detailed data on the inflow environment (no distortion
assumed) or to the focussing effect of the wing/fuselage junction
(none accounted for). Therefore, the measured data were used as
the representative exterior propeller airborne levels in the mid-
region of the fuselage.
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Machinery Noise Spectra

Noise spectra measured in the engine compartment of Aircraft
D (turbocharged version), fitted with 2- or 3-bladed propellers,
are shown in Figures 25 and 26, It is interesting to note that
the noise levels at firing rate are considerably lower than those
at propeller blade rate. The engine noise sensed by this micro-
phone is believed to be mainly casing-radiated noise with some
contamination by intake noise. The engine compartment is open to
the outside through the engine cooling fins and cowl flaps and
this is presumably the path by which prop noise enters the space
(in addition to acoustic transmission through the cowl skin).
The propeller levels are comparable to those measured at the wing
microphone. The levels in Figs. 25 and 26 are to be used as
typical in the forward part of the aircraft. Both propeller-and
engine-generated levels could enter the cabin through air
handling ducts if they were under-designed acoustically, as well
as directly through the firewall.

Exhaust Noise Spectra

The ported microphone described earlier was used to obtain
pressure spectra at the exit of the exhaust stacks on Aircraft C
(normally aspirated, dual exhaust) and D (turbocharged, single
exhaust). The results are shown in Fig. 27. From these measure-
ments, the radiated acoustic power level may be calculated, given
the exhaust stack area, if it may be assumed that end reflections
are not appreciable at the frequency of interest. The exhaust
microphone may not be used to estimate the high frequency exhaust
noise because of the probe tube resonance (shown in Fig. 28), a
narrowband analysis of the exhaust pressures for Aircraft D.

The measured spectrum inside the exhaust pipe near the exist
is shown in Fig. 28(b), in which a series of discrete frequencies
are seen at increments of 20 Hz, which is one half the rotation
rate of the engine (i.e., equal to the firing rate of each
individual cylinder). Pronounced peaks occur only at certain
multiples of 20 Hz commencing at 1/2 net firing rate. A broad
peak is seen centered at about 770 Hz which is the quarter wave
resonance of the microphone tube and is therefore a measurement
artifact.
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The sound radiated by the exhaust can be calculated based on
the pressure spectrum. Since the microphone is very close to the
end of the pipe it is assumed that it measures the radiated
acoustic pressure of a simple (monopole) source in a pipe. Thus,
the radiated sound was estimated assuming spherical spreading (no
account was taken of the possible effects of flow on the acoustic
impedance of the pipe, and thus its radiation efficiency). Such
a calculation was performed to compare estimates with the wing-
strut-measured levels shown in Fig. 28(a). The results of the
calculation are shown in Fig. 28(a) and are indicated by the
circles. Good agreement is seen where the engine peaks are ~
evident. Thus, it should be possible to estimate (or simulate
in the laboratory) the distribution of exhaust noise over the
fuselage, based upon the exhaust pipe measurements. Although the
exhaust noise levels shown in Fig. 28(a) appear low with respect
to the propeller airborne levels, the exhaust is a concentrated
source and therefore may produce high levels near the forward and
lower part of the fuselage, closer to the exhaust pipe opening.
If so, the significant transmission would be localized and could
be treated close to the source by stiffening individual panels,
or increasing their mass.

Airflow Noise

In order to determine the noise associated with the airflow
over the fuselage, such as that induced by the turbulent boundary
layer and edge noise from the wings and their struts, a test was
made in which the engine was shut down and the plane was dived at
cruise speed. As discussed in Sec., 2, the engine rotation did
not stop during the dive due to safety mechanisms on the air-
craft. Figure 29 shows the result obtained in the cabin center
position, from which it can be seen that the aerodynamic noise in
dive approaches the cruise noise spectrum, except at the pro-
pellers' lowest frequencies. 1In an effort to determine the
residual noise due to enygine rotation and propeller wake
impingement, narrowband analyses were performed at three
locations, as shown in Fig. 30. Engine and propeller influence
is evident below 150 Hz, but the broadband levels elsewhere are
consistent, actually increasing at low and high frequencies
toward the aft part of the cabin.

To extend these dive results to cruise, one must at least
take into account the acceleration of the flow near the aircraft
relative to the free stream airspeed, due to the propeller
slipstream. At cruise, we estimate, using simple acuator disc
theory, that the mean velocity of the airflow near the
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fuselage is approximately 110% of the flight speed. Thus, as a
first approximation, the results in Eig. 29 should be corrected
to account for this, by assuming a V® scaling relationship.

Thus, the "dive” noise in Fig 29 could be raised by 40 log (l.1),
or 1.7 dB, which effectively superimposes the two results except
at the propeller fundamental and first harmonic. This result
will later be used in forming a composite noise prediction of all
sources.

This result, coupled with the dive test results on the twins
and the cross-spectra measured in the cabin which showed a phase
speed of the pressure field to be approximately that of the
cruise speed, are evidence that aerodynamic sources may be
responsible for a significant contribution to interior noise
above the lowest machinery tones. If this can be confirmed (the
implication on treatment design could be substantial. 1In
particular, damping is the most effective way to control the
resonant response of panels excited by a turbulent boundary
layer; unless areas near the wing/fuselage junction are found to
dominate the flow noise process (due to separated flow in these
regions), then the damping would be needed over a large area of
the fuselage.

3.6 Characterization of Transmission Paths
Fuselage Noise Reduction

The overall relationship between exterior airborne and
interior noise was established during a ground test. The
aircraft was parked in a large hangar and a loudspeaker placed
about 10 meters from the port side of the fuselage. The exterior
noise was monitored at the wing microphone, whose position has
been described already, and at positions close to the cabin
surfaces on the port side and at the windshield and the rear
window. The interior noise was measured at the cabin center.

The exterior spectra shown in Fig. 31 were obtained for the
aircraft when exposed to primarily a direct field propagating
normally to the aircraft axis. The major point to note is that
the windshield and rear window exterior SPL's are lower than
those on the port side of the aircraft., Thus it is assumed also
that the incident (diffracted and reverberant) levels on the
starboard side will also be lower than on the port side. Thus,
the fuselage noise reduction measure obtained is across one side
of the aircraft fuselage only, for roughly normal incidence. A
somewhat higher noise reduction would be expected for grazing
incidence at some frequencies, while sound incident on the
windshield at angles normal to its surface might result in less
noise reduction of that part of the aircraft.
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Figure 32 summarizes the measured fuselage noise reduction
for aircraft with both types of interiors tested. Consistent and
significant acoustic benefits due to the furnishings are limited
to frequencies above 630 Hz. Figure 32 also shows for comparison
the results obtained on a single engine aircraft [14] which was
tested in a reverberent room. Since that test produced a
nominally uniform sound field around the fuselage, the aircraft
tested in that environment will tend to show a lower noise
reduction when compared to the results obtained in this study.

An improved technique over both the test done in this study and
that of Ref. 14 would be to place controllable airborne sources
at the propeller, engine case, and exhaust source locations and
measure the noise reduction spectrum for each source location.
This could be extended further by carefully covering panels or
windows with a high noise reduction material to derive the noise
reduction not only on a source-by-source basis, but also on a
panel-by-panel basis, thus helping to localize treatment.

Fuselage Panel and Window Response

During the noise reduction tests, measurements were made of
the relationship between the acoustic field and the resultant
motion of the fuselage wall components. A microphone was placed
close to the exterior surface at the geometric center of the
panel or window in question. A 2 gram accelerometer was mounted
on the surface close to the microphone position. The relation-
ship between the acoustic level and acceleration was then
determined during the application of noise from the loudspeaker
system. The experiment included checks for background noise so
that this would not contaminate the results.

Figure 33 shows the 1/3 octave band results obtained from
the window tests and Fig. 34 for certain skin panels. The data
show the acceleration level AL(dB re lg) resulting from an
external sound pressure level (SPL) of 0 dB (2 x 1075 N/m?).,
The response of the panels and windows to acoustic signals is
significantly greater than that of an equivalent limp mass.
Resonant behavior of these surfaces is therefore indicated.
However, if sound transmission through the panels is mass law
dominated, use of the above data must be undertaken with care,
since:

(1) radiation efficiency effects must be considered both in

estimating the panel response to a given exterior field,
and in estimating subsequent radiation into the cabin.
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(2) the given data apply only to an acoustic field at
roughly normal incidence, and the transfer function will
vary depending upon details of the excitation.

Thus, these data are not used further quantitatively in this
study.

Structureborne Path from the Engine/Propeller Combination

After flight observations of significant vibration at the
engine mounts, a series of ground tests were conducted to derive
the energy-averaged insertion loss of the mount system. Given
the insertion loss, engine mount vibration levels could then be
monitored and used in conjunction with a transfer function
(derived below) to predict interior noise contribution of engine-
transmitted vibrations. The insertion loss tests are described
in detail in Appendix A. Figure 35 shows the essential result
and indicates that very consistent mount performance is found
above 160 Hz, but that the behavior at lower frequencies is
erratic indicating possible resonant behavior,

To estimate the contribution to the cabin acoustic levels of
vibration transmitted from the engine/propeller combination
through the mounts, a series of ground and flight experiments
were performed (sce also Appendix A.) 1In one test, cabin noise
was measured in flight, with the normal mounts replaced by solid
aluminum blocks. The resultant difference is shown in Fig. 36,
wherein increases are seen out to almost 4 kHz. Also shown by
the dashed line is the change in level which would occur if all
cabin noise was due to vibration at the mounts and if the effect
of the solid mounts was to increase levels as derived above. 1If
thesc two experiments can be legitimately combined in this way,
then one concludes that the vibration of the particular mount
monitored increases more rapidly than the interior noise, and
thus either other mounts or other sources are contributing more
to the interior noise levels.

A ground test was also conducted to derive the transfer
function necessary to quantitatively convert flight vibration
data at the mounts into interior noise levels. The difference in
noise between the "hard" and "soft" mount tests is assessed in
terms of the associated change in vibration (on the assumption of
linear relationship between structural vibrations and cabin
noise)., Within the limitations of dissimilarity of relative
source contributions between ground run-up and flight, a transfer
function can be thusly developed. A specific example of the
method used to arrive at the transfer function is presented
below. The following results were obtained during the ground run
at an engine speed of 2400 RPM and a manifold pressure of 69 cm
(27 in) Hg. The results are presented for the 800 Hz one-third
octave band.
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Average Mount Cabin Noise

Accelerations (dB re 2x10~° N/m?)
(dB re 1g):

Hard Mounts +10dB 88

Soft Mounts - 3dB 84

Thus, at this particular frequency a 13 dB increase in mount
acceleration produced a 4 dB 1ncrease in cabin noise.

The airborne and structureborne contribution can be
estimated according to the following relationship.

2 = 2 2
p cabin p air + (Ka)

where K = transfer function (in N/m? per g)

a = acceleration (in g)
p? cabin cabin mean square acoustic pressume (N2/m"“
p? air airborne mean square acoustic pressure (N2/m*

Substituting the measured values stated above, the following two
equations are generated.

2 - -1 2 = 2 2
cabin 5.02 x 10 N/m P Lir +(K x 3.16)

2 .= 3.17 x 107IN/m2 = p2_. +(K x .707)2

Hard Mount:

ool o

Soft Mount:

cabin air

Solving these two equations yields the following results:

-AL = 76dB)

= 2 i
E .126 N/m“ per g (i.e., SPLabin mount

2 = .0935 N?/m* (i.e., SPL_. = 83.7 dB re 2x10~5N/m2)

p air air
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Thus, the contribution of airborne and structureborne noise at
800 Hz are as follows:

Airborne Structureborne
Hard Mount 83.7 ds 76+10 = 86 dB
Soft Mount 83.7 dB 76-3 = 73 dB

In those cases where there is at least a 3 dB increase in the
cabin noise when hard mounts rather than soft mounts were used,
the above estimating method is accepted. Figure A.46 shows the
comparison of cabin noise levels with and without the hard mounts
for all runs. This figure serves as the basis for deriving a
complete spectrum of transfer functions. 1Increases of at least
3dB were noted for all frequencies between the 160 Hz and 4 kHz
bands, except for the 2400 RPM ground run where the "3 dB
increase" threshold is not reached below 400 Hz.

Figure 37 shows the values of the transfer functions (SPL -
AL) calculated in the manner shown above for frequencies between
160 Hz and 4000 Hz using the ground runs;] thus by knowing the
average mount acceleration, the structureborne contribution to
cabin noise can be estimated.
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3.7 Synthesis of Cabin Noise Spectrum from Source and Path
Information

The foregoing data are used directly to estimate the
interior noise contributed by the various sources and paths.

Airborne Sources

The calculation of airborne propeller and engine exhaust
source contributions is done by combining exterior levels
measured at the wing-strut and machinery space microphones with
the sidewall and windshield noise reduction data derived from the
ground test (Figs. 24-28). This approximation utilizes spatial
averages of the propeller and exhaust sound field and of the
localized transmission variations. Therefore, the approach may
overlook source or transmission path "hot spots", such as may
occur near the exhaust pipe.

Non-propulsive Sources

The dive test results which were shown earlier in Fig. 29,
increased by 1.7 dB to account for propeller slipstream velocity
increase, are used as the estimate of interior noise due to
nonpropulsive sources.

Structureborne Sources

Figure 38 presents the energy-averaged spectrum of the
accelerometer on the aircraft side of the four engine mounts,
taken from a ground runup test. FEach mount was instrumented with
a 3—-axlis accelerometer and the spectrum from each recorded.
Obviously individual mounts will have a spectra different from
the averaged spectrum shown, and flight acceleration spectra may
differ from those on ground tests. Since flight spectra were not
monitored on all four mounts simultaneously and since the ground
transfer function tests provided the most complete mount vibra-
tion survey, the energy-averaged spectra are used below to deduce
the approximate contribution of engine-and propeller-induced
structureborne noise for the flight cases. It should be noted
that the vibration spectra measured in flight on the one mount
which could be monitored fell within the band of 12 individual
spectra included in the ground test; therefore, the approach used
in calculating the noise seems justified, given the level of
detail available.
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Calculation of Structureborne Contribution to Cabin Noise

Figure 39 shows the structureborne contribution to the
cabin noise spectrum (in ground runup) deduced by combining
the appropriate transfer function from Fig. 37 with the energy-
averaged acceleration spectra for two engine power settings.
The structureborne noise is predicted to be either dominant or
contributing strongly at frequencies from 160 Hz (the lower
freuency limit of the valid data) and 1250 Hz, above which the
contribution falls off rapidly. Note that in the data shown in
Fig. 39, the other principal noise sources - especially the
propeller airborne and airflow noise - do not have the same
characteristics during a ground runup as in flight, and the
presence of the ground plane alters the airborne transmission
path of propeller and engine airborne noise by providing a
reflecting surface below the aircraft. The curve for the 2400
RPM case is used in the source-path composite calculation below,
for the reasons previously cited.

Summation

The previously-derived source-path contributions are
summarized on the top half of Figure 40. It can be seen that the
predictions show dominant contributions from each of the several
major source-path combinations:

. Propeller airborne sound transmitted through the various
exterior surfaces appears to dominate the low frequency
part of the spectrum (below the 100 Hz band), and
contributes measurably to the 160 Hz band (2P).

. Structureborne sound from the engine/propeller
combination transmitted through the mounts and engine
support structure into the airframe 1s a strong
contributor from the 160 Hz band (twice prop rate) to the
1250 Hz band, above which its contribution drops rapidly.

. Noise due to sources unrelated to the propeller or engine
provide a significant contribution to broadband levels
above 100 Hz,being dominant in many frequency bands.

- Engine airborne sound is not predicted to be dominant in
any frequency band.
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The contributions predicted for the structureborne sound and
the airflow should be viewed as probable upper limits for the
following reasons:

* The transfer function approach used to determine the
contributions of the energy transmitted through the
mounts did not account for coupling between the mounts
and attachment points on the structure. If the wmounts
are well coupled via the engine or the spider (support)
structures, the energy flow within the mount structure
will produce several transmitting contributions from one
source of vibration, thus overestimating the transfer
function when derived in the manner shown above. This
problem is likely to be greatest at low frequencies where
vibrational modal behavior will exist.

* The airflow contribution was derived from a dive test,
which included the contributions of residual propeller
and engine airborne sound, and structureborne contri-
butions. However, the prop-wash effect on flow-induced
noise was not well simulated and that effect may actually
increase the true contribution of the nonpropulsion
sources,

The predicted cabin noise spectra from individual source-
path combinations are added up in an energy sense as incoherent
sources to obtain a composite predicted spectrum, which is shown
in the lower half of Fig. 40, and which is also compared with
measured data. The overall agreement between prediction and
measurement is good, except at the frequency corresponding to the
engine firing frequency (1F) and at twice propeller rate. The
general overestimate of the interior levels is not great enough
to cause concern, considering the previously-described varia-
bility in the cabin levels and in the vibration of individual
mounts during a flight, and thus considering that some of the
data used to derive the predicted levels was taken from different
flights and from ground tests. The large discrepancy at 1F may
be due to locally high levels near the exhaust pipe exit trans-
mitting through a hot-spot in the fuselage, rather than a more
generally distributed transmission of much lower levels, through
the whole fuselage structure, as was assumed. The overestimate
at 160 Hz is dominated by the calculated structureborne contri-
bution; as mentioned above, there may be coupling within the
engine-mount system which causes an overestimate of the transfer
function using the techniques described herein.
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4, "SUMMARY AND CONCLUSIONS
Summary

This study consisted of a systematic survey of the interior
noise levels and spectral characteristics of 18 single- and twin-
engin propeller-driven light aircraft, as well as an in-depth
source~-path diagnosis of a single-engine aircraft which was
considered representative of a large part of the fleet,

The technical efforts began with a survey of all propeller-
driven general aviation aircraft of US manufacture to determine
their relative performance ranges, their impact on the total
fleet (both present and future), and their internal noise
characteristics., From these aircraft, 18 were selected for
flight surveys. The purpose of -the flight surveys was to measure
internal noise levels and identify principal noise sources and
paths under a carefully-controlled and standardized set of flight
procedures. Once the survey had been completed and the results
analyzed, one aircraft model was chosen for more detailed appli-
cation of advanced noise source and path diagnosis. This air-
craft was subjected to a second round of flight tests in which
more detailed measurements of sources and paths were made and
additional diagnostic ground tests were performed.

The detailed diagnostic tests consisted of flights and
ground tests in which various parts of the aircraft, such as
engine mounts, the engine compartment, exhaust pipe, individual
panels, and the wing strut were instrumented to determine source
levels and transmission path strengths using the transfer
function technique. The tests were limited to those which could
be conducted on flightworthy aircraft in an operational environ-
ment (i.e., at an airfield, in a hangar, or in-flight), but the
results were suitably conclusive to provide identification of
predominant source and path combinations.

Conclusions

The objectives of the flight survey were fulfilled, Surveys
of 18 production aircraft produced consistent trends of cabin
noise levels, which fall in the range of previously-reported
results. - Standardizing the flight test procedures allowed
meaningful direct comparisons to be made. The survey also
identified some potential pitfalls of flight testing, namely
variability in levels among nominally-similar operations.
Previously-observed variations in sound and vibration levels
among different cabin locations were consistently found in all
aircraft. Pressurization effects generally provided reduced
levels of broadband noise and reduced levels of propeller
harmonics.,
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The results of the flight survey phase of the work confirmed
that the presently-produced designs of both single- and twin-
engine aircraft produce cabin noise levels which, when compared
with results of careful psychoacoustic tests, would be considered
highly annoying to a large percentage of the population. The
flight surveys also produced consistent evidence of propeller
noise as a primary contributor to cabin noise in all types of
aircraft, as well as revealing some evidence of engine and
airflow noise being of considerable importance in most aircraft.

Energy at propeller blade rate and its harmonics was
dominant in all 18 aircraft tested, while the apparent
contribution of engine-related noise varied widely; therefore
propeller sources and paths must be controlled in all aircraft,
but the engine-related sources may not control cabin levels in
all aircraft, especially large twins. One finding that is
perhaps new to the light aircraft community is the apparently
strong role of nonpropulsion noise in determining the cabin A-
weighted noise levels of single—-engine aircraft. Inasmuch as
treatments for turbulence-excited panel vibration may be
different from those which are best-suited for controlling sound-
induced vibration {(and reradiation), a more detailed under-
standing of this source is needed.

The diagnosis of one single-engine aircraft illustrated that
to successfully separate the contributions of all sources and
paths, extensive ground and flight measurements are required, and
that further component-by-component testing is desirable in order
to isolate the contributions of various paths by which the energy
from a given source reaches the cabin. However, within the
context of the tests and analyses carried out, a source-path
model was constructed which, in composite form, produced
predicted noise levels which agreed quite well with measurements
and predicts the following major trends:

* Propeller airborne sound transmitted through the various
exterior surfaces appears to dominate the low frequency
part of the spectrum (below the 100 Hz band), and
contributes measurably to the 160 Hz band (2P).

* Engine airborne sound was not predicted to be dominant in
any frequency band, but appeared clearly in the measured
spectrum at firing rate, probably due to an undiagnosed
airborne path, and/or to the locally high levels near the
exhaust pipe exit.

» Noise due to sources unrelated to the propeller or engine
(i.e., airflow over the airframe) provide a significant
contribution to broadband levels above 100 Hz,being
dominant in many frequency bands.
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» Structureborne sound from the engine/propeller
combination transmitted through the mounts and engine
support structure into the airframe is a strong
contributor from the 160 Hz band (twice prop rate) to the
1250 Hz band, above which its contribution drops rapidly.

Further refinements in the diagnosis will probably not
change the overall trends predicted above, but would be helpful
to isolate critical paths. The major uncertainties which could
be resolved by further diagnosis are:

« coupling between vibration transmitted through the four
mounts;

+ 1isolation of airborne sound transmitted through
individual panels, the windshield, windows, and firewall;

» localization of airflow noise (if possible).

The transfer function approach was found to be most useful
in developing predictions of the various source-path contri-
butions to the interior noise. This approach provides a direct
means of quantifying the benefits which could be achieved by
source reductions and/or path treatments, and thus helps to set
goals for the analysis of either class of noise reduction
approaches.

Noise control treatments which are applicable to the
dominant source-path combinations include:

Source Path Treatment Concepts
Propeller Blade Airborne through (1) Iocally-stiffened

(due to steady exterior surfaces panels with resonances

and unsteady at frequencies other
sources) than blade frequencies

(2) Increased thickness of
windshield and windows,
where appropriate

(3) Tuned dynamic absorbers
on structural elements
showing high response at
prop frequencies
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Source Path Treatment Concepts

Propeller unsteady Structureborne through (1) Improved mounts

loads engine mounts (2) stiffer mounting points
at firewall

(3) Redesigned engine
suspension to optimize
(1) and (2)

' (4) Damping of transmitting
and radiating surfaces

Engine radiated Airborne through (1) Exhaust muffler

noise aircraft exterior (2) Exhaust extension to
move source away from
critical areas

(3) Same as (1)-(3) for
propeller airborne

Engine vibration Structureborne through Same as Propeller
engine mounts structureborne

Flow over exterior Excitation of panels (1) Damping
surfaces and windows causing
radiation into cabin  (2) Alteration of panel

or window properties
(thickness or material)
to separate predaminant
response spectrum from
excitation spectrum

Flow over exterior Interaction with (1) Minimize excitation by
surface discon- careful microscale
tinuities (cracks, aerodynamic cleanup

cutouts, etc.)
(2) Ensure adequate seals

In addition to the specific concepts mentioned above, good noise
control engineering practice dictates careful attention to all
flanking paths, such as untreated air vent ducts, inadequate
structure between tail cone and passenger compartment, etc. It
is also vital to ensure that treatment is balanced among all
dominant sources in a way that will bring all contributions to an
equal level in each frequency band of interest.
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APPENDIX A
SUMMARY OF FLIGHT DATA

A.l Introduction

This appendix provides a detailed summary of flight tests
conducted in both the fleet survey and preliminary diagnostic
studies. The appendix is written to stand alone, so some of
the material may repeat what is written in the main body of the
report, The aircraft surveyed are not identified by manufacturer
or model number inasmuch as the objectives of the study are to
develop generally applicable data and techniques. However, where
important phenomena are illustrated by the data, the pertinent
features of the aircraft are provided to assist in analysis and

understanding.

The methods and equipment used in the data acquisition
process were described in the main body of the report (Secs. 2
and 3). This appendix is a summary of all noise and vibration
data gathered during the test program. While it is not practical
to include graphs of every datum measured, the major data
packages are reported in detail. In this appendix, no attempt is
made to link the various data into a description of the role of
each noise source and path for interior noise. Rather, the
available "raw material"” used for this task is summarized. The
text is generally brief because most of the information is

provided in tables and graphs.
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A.2 Data Matrix

Shown in Table A.1, Parts A through D, is a listing of all
data gathered during the flight test program. The following

information is given for each aircraft tested:

a) Aircraft type identification (by code letter)
b) Numbexr of propeller blades
c) Engine operating conditions (RPM, manifold pressure,

synchronized or unsynchronized engines for twins)

d) Position and type of each transducer for which data are
available, Note that not all transducers were operating
simultaneously, i.e., some data samples were taken

sequentially using a single transducer.

A.3 Table of A-weighted Sound Levels and Speech Interference
Levels

Listed in Table A.2, are the measured values of A-weighted
sound pressure levels and speech interference levels [SIL (0.5,
1, 2, 4)] for each aircraft. All measurements were made at or
near the center of the cabin (i.e., between the pilot and co-
pilot) at head height, except for the case of turbine-powered
twins., In these larger aircraft, the results shown are the range
of levels measured in the passenger cabin (as differentiated from
the cockpit). As was noted in Sec., 2 of this report, sound
levels may vary significantly with position inside the aircraft,
even in small aircraft cabins. This fact is clearly demonstrated

in Sec. A.4 below.
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A.4 Cabin Noise Surveys for Aircraft with Production Interiors

Shown in Figure A.l through A.18, are the results of cabin

noise surveys performed in all aircraft which had full production

interiors. The blade passage frequency and engine firing fre-

guencies are indicated. The microphone positions most used were:

a)
b)
c)

d)

e)

Center cabin between pilot and copilot at head height,
Windshield,
Right passenger window at copilot's right ear,

Right rear side window - usually even with the second

row of seats (if present), and

Rear baggage area or rear seats, depending on the layout
of the cabin.

Results for a second engine speed are available for most aircraft

but are not shown. Data for aircraft with partial or no interior

furnishings are presented later in the appendix in connection

with source/path diagnosis tests.
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A.5 Cabin Vibration Surveys for Aircraft with Production

Interiors

Shown in Figures A,19 through A.36 are the results of cabin
vibration surveys performed in all aircraft with production in-
teriors. The blade passage and engine firing frequencies are

indicated. The minimum set of accelerometer positions used was:

a) Center of windshield or center of right windshield half
if the windshield is split,

b) Center of right passenger window,

c) Center of right rear side window,

d) Center of back window (if present), and

e) Seat rail and/or wing spar (vertical direction).

The survey was intended to define the vibration of the largest
radiating surfaces in the cabin. The vibration of large pieces
of rigid trim material was also measured when possible. Many
furnished cabins have few "rigid"* interior surfaces except for
the windows. The seat rail and wing spar positions were chosen
to define the vibration of the airplane's structural members (as
opposed to skin panels) because these points are some of the most

rigid areas of the airframe.

The point vibration spectra must be carefully interpreted in
terms of their quantitative contribution to the sound radiated
into the cabin space, since some of the point vibration is dom-
inated by resonant response at many frequencies, and the space-
averaged levels which one would use to estimate radiation (in
conjunction with radiation efficiency estimate), will be lower.
However, these surveys lead one to areas where significant

radiation might be found.

FWRigid" is used in the sense that the surface is either part of
the airframe or securely connected to it.
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A.6 Twin-Engine Aircraft Dive Tests

A complete source/path diagnosis for interior noise mﬁst
include noise sources other than the prime mover (engines and
propellers). The most significant additional noise sources are
the turbulent flow over the fuselage caused by the boundary layer
and the propeller slipstream (on single engine aircraft). During
the flight test program, three opportunities arose to examine
interior noise caused by turbulent boundary layer excitation and
airframe-radiated noise. The test procedure was to shut down the
engines, feather the props, and dive at a representative speed,
recording cabin noise once the aircraft had reached a steady
speed. Since twin-engine aircraft are normally fitted with full-
feathering propellers, the data presented below are confined to
twins. Data from single-engine aircraft in dive mode also
contain noise from engine-related sources and from the wake from
the windmilling prop. Some of the data was discussed in Secs. 2

and 3 of the main body of the report.

The first test was performed on the prototype, Aircraft F,
before an interior had been fitted. The cabin noise level in
this aircraft was very high because of the stripped interior and
whistling from many air leaks near the rudder pedals. The
results of the dive test are shown in Figure A.37, where it is
seen that that the dBA lével is decreased by only 2 dBA (108.5-
106.5) by shutting down the engines. The subjective impression
of the test team was that much of the noise was due to air
leaks. The results of this test were therefore of little help in
quantifying the role of turbulent boundary noise, other than to

point up the importance of sealing all air leaks.

The results of two more useful tests are shown in Fig. A.38
and A.39. Aircraft K and L, with furnished interiors, were flown

A-49
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with and without the engines operating. The decrease in noise
which occurs when the engines are shut down gives an indication
of the role of airborne and structureborne noise from the engine/
propeller combination. The remaining noise is therefore only due
to the turbulent boundary layer's direct excitation of the struc-
ture, and turbulent boundary layer and wake interaction with
control surfaces and struts (which generates airborne noise and
structural vibration). The large increment in tonal noise
observed between one- and two-engine operation (Fig. A.38), is
presumably due to the asymmetric acoustic field induced by the
propellers, caused by the different relative rotation sense with
respect to the airframe. In order to compare the propulsion- and
nonpropulsion-related contributions, the data must be scaled to the
same speed. Figure A.40 shows narrowband data corresponding to
the engine-off conditions in Fig. A.39. Increasing the amplitude
of the 110 kt data by 10 log V4 produces a reasonable agreement
with the measured data at 150 kt. It was not possible to achieve
the 175 kt cruise speed in a dive, so the 150 kt data must be
scaled to 175 kt for assessment of the nonpropulsion contri-
butions. This comparison is shown in Fig. A.41.

A vibration measurement made on a window during a dive can
provide further assessment of nonpropulsion noise. Such a
measurement is shown in Fig. A.42. As shown in Fig. A.43, the
broadband vibration of the window is only slightly changed by
shutting down the engines when account is taken for the change
in flight speed using a vé scaling relationship. Thus, the
turbulent boundary layer excitation seems to be an important

cause of window vibration.
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A.7

Diagnostic Tests

In addition to the previously-described dive tests, several

ground and flight tests were conducted to attempt to isolate a

particular source or path, or to characterize a particular phe-

nomenon. The data supporting these tests are discussed below.

a)

Engine Vibration Isolator Performance

Central to the issue of structural coupling of vibration of
the propeller/engine combination is the behavior of the
engine mounts. Flight and ground experiments were conducted
to measure their performance. In the early stages of the
diagnostic work, the experiments consisted of measuring the
acceleration of each side of the mount, and simply taking
the difference in mean-squared amplitude as a measure of the
isolation provided. This is recognized as being a super-
ficial test since the mount itself will couple the struc-
tural components and thus influence the mean-square acceler-
ation on both sides of the mount, thereby causing an under-

estimate of the mount's isolation performance.

However, the flight data are presented for informational
purposes, as they do point up some trends. Fig. A.44 shows
the results obtained by taking the time-averaged difference
in third octave bands between accelerometers aligned on
either side of the mounts, during flight tests. The curves
show significant fluctuations. Also to be noted is that at
the lower frequencies the isolator performance is not

consistent at the two tested speeds.

The complex nature of the flight results obtained led
to the decision to conduct a formal "insertion loss"
experiment. Since insertion loss can be defined as the
effect of installing the isolators on the structural

vibrations of the fuselage, a test was conducted to measure
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this directly. Two mount configurations were tested: one
of the standard design and one in which solid aluminum
blocks were installed in place of the isolator. The
aluminum blocks were similar in form and fit to the rubber
elements of the standard mount. Vibration tests with this
configuration would thus simulate the "no isolator" case and
by comparison with the standard arrangement would determine

the insertion loss of the engine mounts.

Shown in Figures A.45 and A.46 are the results of the ground
test of the engine vibration isolators for Aircraft C.

Three different engine power settings were used with the
wheel brakes locked to load the isolators. The insertion
loss was determined by the 3-axis energy-averaged change in
acceleration level across each mount. The results for the
three tests are very consistent. It is also instructive to
compare the result with the previous simple flight experi-
ment whose results are presented in Fig. A.44. Both sets of
results show that the isolation performance peaks at 4000
Hz, but that the magnitude of isolation is 5-10 dB
difference between them. The trend of isolation versus
frequency is completely different, with the hard/soft mount

test producing the most consistent behavior.

The increase in noise level for a hard-mounted engine
(Figure A.46), is much less than the insertion loss of the
mounts at high frequencies, thus suggesting that the
frequency range over which the engine structureborne noise

is important is below 2 kHz.
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b)

In-Flight Survey of Cabin Cross Spectra ("Mode" Surveys)

Aircraft C and F were outfitted with microphones arranged to
measure Cross spectra between various points in the cabin to

try to detect the presence of cabin acoustic modes in

R S —

flight., The microphone positions for the mode survey of 1
Aircraft C are given in Figure A.47. Plotted in Figure '
A.47(b) and (c) are the one-third octave band sound levels
containing the blade passage tone as functions of

position., The level at Location 3 (near the rear window) is
much higher than elsewhere in the cabin at the 2400 RPM
setting, indicating the likelihood of a strongly excited
acoustic mode in the cabin at that 1/3 octave frequency.
This notion is supported by the phase plots which follow.
Figures A.48-A.58 show plots of the phase of the cross
spectra between pairs of cabin microphones. The reference
micvrophone (defining 0°) is always the first microphone
number cited in the caption of each figure. The blade
passage frequency, its second harmonic, and the engine
firing frequency are indicated on each plot. Several
characteristics of such phase plots should be pointed out.
First, if there is low coherence between the two signals,
then the phase between them may be random and will vary
rapidly, as for example, in Figure A.48 above about 150

Hz. Second, a traveling wave will register as a line with
constant slope (phase proportional to frequency) as in
Figure A.50 between 90 and 115 Hz. Standing waves (cabin
modes) should register as phase differences of 180° for
microphones separated by a single node line and should
occupy a fairly narrow frequency regime (depending on the Q*
of the mode). Dramatic phase shifts occurring only at

*0Q

damping ratio.
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multiples of engine or propeller rotation rate should be
interpreted cautiously. In such a case, comparison of the
results with those from a different engine speed may be
helpful. Another caveat is that the analyzer may register a
small deviation about *180° as a sudden shift to 180°,., The
first longitudinal mode in the cabin would be expected to
occur near 50 Hz. The first transverse mode should occur
near 140 Hz. The inspection of Figures A.48-A.57 shows
traveling waves running back through the cabin on

microphones 1-3,.

The pressures at microphones 1 and 3 are 180° out of phase
between about 40 to 90 Hz, which may be due to a standing
wave in the cabin. Microphones 4 and 5 are in phase below
about 140 Hz as would be expected if the main noise sources
are axially symmetric. Above 140 Hz, the "hash" registering
between microphones 4 and 5 may hide a transverse mode. A
coherence computation for this microphone pair should help
settle the question. 1In general, then the phase plots do
not rule out the existence of important cabin modes in
Aircraft C at low freguencies, but neither are any modes

clearly identified for the engine speeds examined.
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The microphone array in Aircraft F is sketched in Figure

A.58,

only. A brief examination of

The array is arranged to detect longitudinal modes

Figures A.59 through A.69 will

show that the sound at microphone 1 has very little to do

with the socund at microphones
appears to enter the stripped
This condition is pointed out
coherence between microphones
frequencies
rate, blade
The tone at

of high coherence
harmonics, engine
are evident

regime between 80 and 140 Hz,

in the cabin is expected to appeavr at about 45 Hz.

activity is seen in Figures A,

180 Hz has not been identified.

4 or 6, sound

interior along its length.

That is,

in Figure A.62 where the
1 and 4 is plotted., The only
are at the enygine rotation
and at 180 Hz,

Traveling waves

firing rate,

in some plots, particularly in the frequency

The first longitudinal mode
Some
63 and A.68 between

microphones 1 and 5, which should be on opposite sides of

the node line.

The difficulty of interpreting the phase

information again suggests that more signal processing,

specifically coherence calculations for all microphone

pairs,

importance of cabin modes.

A-76

will be needed to adequately address the matter of the
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C.

Noise Reduction of Cabin Walls

The measured noise reduction for Aircraft C and D (same
airframe except for turbocharging) is shown in Figure A.70
for two levels of interior treatments. Also given in the
figure are data for another single engine aircraft published
by Jha and Catherines (Ref. 14). 1Inasmuch as this test is
central to the preliminary diagnosis developed in Sec. 3.6
(Figs. 31 and 32), details are presented there,

Structural Vibration Transfer Functions

The results of measuring the cabin noise in Aircraft C and D
while shaking an engine mount are shown in Figure A.71.
One-third octave spectra were measured at both the engine
mounts and in the cabin center. The acceleration used in
the calculation is the energy average of 3 axes on a
particular mount. This test was not repeated for all
mounts, so there may be some differences among mounts.,
There is little difference between the transfer functions
for stripped and treated interiors. A complete discussion
of these tests and implications for interior noise control
is presented in Secs. 3.6 and 3.7 of the main body of the
text,
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LIST OF SYMBOLS

Definition

acceleration

acceleration level (= 20 log a)
Brake horsepower

Blade passing frequency

Sound speed

Distance between microphones; or
diameter

Engine firing rate

Frequency

Critical or coincidence frequency
Transfer function - mount
acceleration to cabin sound
pressure

"Knots true airspeed;" airspeed
relative to undisturbed air at
sea level

Acoustic pressure

Static pressure

Correlation coefficient

Engine rotation rate

Sound pressure level

Temperature

Flow velocity

S-1

Units

g (lg = acceleration

of gravity)
dB re 1g
hp, or kw
Hz
m/s

m

Hz
Hz
Hz

N/m? /g

Knots

N/m?

N/m? or bars

revolution/minute
dB re 2 x 10 ° N/m?
°C

m/s




Convection velocity m/s
density Kg/m?

phase angle degrees
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